The reactivity of S 2-(1), -SCN (2) and -SCNH(NH 2 ) (3) in photoinduced substitution reactions with 1-bromonaphthalene (5) in DMSO was studied. The photostimulated reaction of ion 1 with 5 renders after quenching with MeI 1-(methylthio)naphthalene (16%), bis (1-naphthyl) sulfide (17.5%) and naphthalene (42%). The lack of reaction in the dark and the inhibition of the photoinduced one by the presence of di-tert-butylnitroxide (DTBN) and p-dinitrobenzene (p-DNB) are evidence of a radical chain mechanism for these substitution reactions. On the other hand, ion 2 was unreactive towards 5, both as an electron donor under photostimulation and as a nucleophile. Finally the thiourea anion (3) affords after a photoinduced reaction with 5 and quenching with MeI, 1-methylthionaphthalene (50%), bis (1-naphthyl) sulfide (22%) and naphthalene (9%). This reaction does not occur in the dark and is inhibited in the presence of DTBN. By using hydrogen abstraction from DMSO as competitive reaction, the absolute rate constants for the addition of ions 1, 3 and benzene thiolate ions (4) to 1-naphthyl radicals have been determined to be 0.5 x 10 9 M -1 s -1 , 1.0 x 10 9 M -1 s -1 and 5.1 x 10 9 M -1 s -1 respectively.
Introduction
Radical nucleophilic substitutions involving electron transfer pathways or S RN 1 is an area of wide interest and its most relevant results have many times been reviewed. 1 This mechanism has a considerably wide scope in relation to substrates, nucleophiles and synthetic possibilities.
Sulfur centered nucleophiles, such as thiolate ions have been shown to react with aryl halides under photostimulation to yield a new C-S bond. 1a,b While arene thiolate ions (ArS -) afford good yields of substitution products, alkane thiolate ions (RS -) yield a mixture of products from fragmentation of the radical anion intermediates and straightforward substitution (scrambling products), making the latter reactions disadvantageous for synthetic purposes. 2 However, the expected straightforward substitution is mainly obtained with compounds bearing electron withdrawing groups (EWG), polycyclic or heterocyclic halides. 3 Thioacetate and thiobenzoate ions react with arenediazonium tetrafluoroborates leading to the corresponding aryl thio esters, which can either be isolated or react further, providing a onepot access to other aromatic sulfur derivatives. 4 The thermal reaction of Na 2 S with pdichlorobenzene affords the polymer poly(p-phenylene sulfide) (PPS). 5 This reaction is proposed to occur by the ionic S N Ar process even though the S RN 1 mechanism cannot be totally ruled out. 6 However, there are no reports on the reactivity of thiocyanate ion (2) towards aryl radicals. On the other hand, the electrochemically initiated reaction of thiourea anion (3) with aryl halides affords moderate yields of a mixture of ArSH, ArSSAr and ArSAr, ascribed to the fragmentation of the radical anion intermediates (eq. 1). (1)
In addition, the photochemical aromatic substitution of aryl halides by thiourea was also described. 8 This reaction proceeds under UV irradiation with 25-76% yields of ArSSAr, for aryl derivatives bearing electron donating substituents such as NH 2 , NR 2 and OMe. However, 1-bromonaphthalene was unreactive under these reaction conditions. 8 We have previously studied the reactivity of thiourea anion (3) in photoinduced aromatic radical nucleophilic substitution as a "one pot" method for the synthesis of aryl thiols, alkyl aryl sulfides, symmetrical or unsymmetrical diaryl sulfides and diaryl disulfides from moderate to good yields. 9 These results have encouraged us to further explore the reactivity and the potential of related sulfur anions for the synthesis of aromatic sulfur compounds. Thus, we report herein the photoinduced reaction of S 2-(1) and -SCN (2) with haloarenes in DMSO and the absolute rate constants for the coupling reactions of ions 1, 3 in competitive reactions with benzene thiolate ion (4) towards 1-naphthyl radicals. Table 1 summarizes the results obtained with the nucleophiles 1, 2 and 3 in their photoinduced reactions with 1-bromonaphthalene (5). The hydrated salt of Na 2 S 10 was partially soluble in DMSO, and after 3 h of irradiation with 5, this reaction affored a mixture of naphthalene, 1-(methylthio)naphthalene and bis (1-naphthyl) sulfide, after quenching with MeI. The addition of water improves the solubility of Na 2 S, but decreases the reactivity and enhances the amount of the reduction product naphthalene. The photoinduced reaction is completed in 1 h and proceeds to a 63% conversion in half hour. There was no reaction in the dark after 3 h and the photoinduced reaction carried out in 0.5 h was slightly inhibited by the presence of di-tert-butylnitroxide (DTBN), and strongly suppressed by p-dinitrobenzene (p-DNB) ( Table 1 , entries 1-7). These results and the presence of an important amount of naphthalene, can be ascribed to a radical chain substitution mechanism of substitution (S RN 1), involving an electron transfer process from the ion 1 to the naphthyl bromide as the initiation step (eq. 2). Subsequent fragmentation of the radical anion thus formed, affords the 1-naphthyl radical, which by coupling with anion 1 yields a new radical anion 6 (eq. 3). Electron transfer to the halide 5 renders the 1-naphthalene thiolate ion (7) and the radical anion of the bromide 5, which continues the chain propagation cycle (eqs. 3 and 4). Further reaction of ion 7 with 1-naphthyl radical followed by electron transfer to 5, finally yields the disubstitution product bis (1-naphthyl) sulfide (eq. 5). Hydrogen atom abstraction from the solvent by 1-naphthyl radicals, gives the reduction product naphthalene (eq. 6). After irradiation, the reaction mixture is quenched by MeI to afford 1-(methylthio)naphthalene (eq. 7). As previously described, Na 2 S formed by reaction of sulfur and sodium metal in liquid ammonia, did not react with iodobenzene after 4 h of irradiation. 11 We now report that ion 1 is able to add to the more electrophilic 1-naphthyl radicals. To the best of our knowledge, this is the first report that clearly showed that Na 2 S is able to react by the S RN 1 mechanism under photostimulation. When the reaction was performed with anhydrous Na 2 S, although the naphthalene produced was practically the same, the product ratio substitution/reduction increased from 0.7 to 1.3 (Table 1 , entry 8). This ratio can not be improved by increasing the concentration of the nucleophile due to the insolubility of the Na 2 S salt in DMSO at higher concentration than 0.25M. The photoinduced reaction of ion 1 with the electrophilic 4-benzoylphenyl radical yielded 4-(methylthio)benzophenone (54%), bis (4-benzoylphenyl) sulfide (24%) and benzophenone (7%). 12 The -SCN ion (2) was unreactive both in the initiation step as electron donor and in the addition to 1-naphthyl radicals generated by a photostimulated entrainment reaction with tertBuOK or Na 2 S. Although this anion would be able to add to the radical, a very fast dissociation of the radical anion intermediate into aryl thiyl radical and cyanide anion would prevent to built up a propagation cycle (Table 1 , entries 9-11). A similar behavior has been previously observed with 2-bromo-2-nitropropane. 13 Thiocyanate anion failed to react with this activated bromide by an S RN 1mechanism, even under entrainment conditions with Me 2 CNO 2 -. This anion adds easily to the 2-nitro-2-propyl radical (under oxidative conditions with Fe III), but the radical anion dissociates rapidly, as showed by ESR spectroscopic studies, suggesting that dissociation is faster than ET to the substrate, inhibiting the propagation cycle of the S RN 1 reaction. 13 The thiourea anion (3) affords, after a photoinduced reaction with bromide 5 and quenching with MeI, 1-(methylthio)naphthalene (37%), bis(1-naphthyl) sulfide (32%) and naphthalene (13%). When the reaction was performed with a ratio nucleophile/substrate of 10, the substitution products increased, and after only fifteen minutes the conversion was 91%. This reaction is strongly inhibited by DTBN and there is no conversion at all in the dark (Table 1 , entries 12-15). Based on these results, an S RN 1 mechanism is assumed for these reactions and the arene thiolate ion 7 and radical 9 are formed by addition of ion 3 to the aryl radical followed by fragmentation of the radical anion intermediate 8, (eq. 8). --
Results and Discussion
The independent experiments 8 and 12 in Table 1 , clearly reveal that ion 3 is more reactive than ion 1. Taking into account that the S RN 1 process comprises initiation, propagation, and termination steps, it was of interest to evaluate the relative reactivity of ions 1 and 3 toward 1-naphthyl radicals in competitive experiments. Since both nucleophiles render the same product, namely 1-naphthalene thiolate ion (7), we choose benzene thiolate ion (4) as partner for carried out separated competitive reactions, and to avoid the further competition for 1-naphthyl radicals by ion 7 as indicated in equation 5. Furthermore, the absolute rate constants for the coupling (k c ) of 1-naphthyl radicals with the nucleophiles 1, 3 and 4 can be determined in DMSO using hydrogen abstraction from the solvent as competitive reaction, whose rate constant k H has been determined to be 7.1 x 10 6 M -1 s -1 at 25°C 14 . Three competitive steps are possible for the intermediate aryl radicals as outlined in Scheme 1: step (a) coupling with the ion 1 or 3 to yield after electron transfer or fragmentation, the substitution product 1-naphthalene thiolate ion (7); step (b) hydrogen abstraction from the solvent DMSO to render the reduction product naphthalene; and step (c) coupling with the benzene thiolate ion (4) to afford the substitution product (1-naphthyl) phenyl sulfide after electron transfer. Once the yields from the substitutions (ArSMe and PhSAr) and reduction (ArH) products were determined in the photoinduced reactions of 1-bromonaphthalene with ions 1, 3 and 4 in excess, it was possible to calculate the k c by using equation 9 and the relative reactivities by using equation 10, ( (3) (2) and PhS -(4) (11).
With a similar strategy Galli and coworkers have measured the rate constant for the addition of the pinacolone enolate ion to 9-anthracenyl and 1-naphthyl radicals (4.4 x 10 8 and 2.9 x 10 9 M -1 s -1 , respectively) 16a and more recently, the coupling of various nucleophiles to vinyl radicals was investigated. 16b In general the additions of nucleophiles to aryl radicals, other than the simplest phenyl radicals, are very fast reactions and range from 10 8 -10 10 M -1 s -1 .
1 Table 2 . Rate constant (k c ) for the reaction of 1-naphthyl radical with sulfur nucleophiles in DMSO at 25°C a Products yield (%) Entry "S"
ArSMe ArSPh ArH In summary, we report for the first time the photoinduced radical chain nucleophilic substitutions of aryl halides by sulfide ions. The relative reactivities of sulfide, thiourea and benzene thiolate ions towards 1-naphthyl radicals were measured, and from the least to the most reactive nucleophile, the span in reactivity is ∼1 order of magnitude. The absolute rate constant measured range from 0.5x10 9 -5.1x10 9 M -1 s -1 . These results are consistent with the concept that the coupling of nucleophiles with aryl radicals occurs at near the encounter controlled limit.
1
Alkyl aryl sulfides can be achieved by quenching the reaction mixture with an adequate alkyl halide (methyl iodide in the present report). Further transformations of the "in situ" generated arene thiolate ions are possible, such as protonation to the thiols, oxidation to the diaryl disulfides, subsequent S RN 1 reaction to afford unsymmetrical diaryl sulfide, etc. Work is in progress to study the scope and limitations of this strategy for the syntheses of sulfur aromatic compounds.
Experimental Section
General Procedures. The general methods and procedures for the photoinduced reaction are the same as published before. Materials. t-BuOK, thiourea, KSCN, Na 2 S.9H 2 O, 1-bromonaphthalene (contains <3% 2-bromonaphthalene), 4-bromobenzophenone, naphthalene, benzophenone, thiophenol, pdinitrobenzene and DTBN were all high purity commercial samples which were used without further purification. The commercially available Na 2 S.9H 2 O was dehydrated according to literature. 18 DMSO was distilled under vacuum and stored over molecular sieves (4 Å). The anions 3 and 4 (PhS -) were generated in situ by acid-base deprotonation using tert-BuOK. All the products are known and exhibited physical properties identical to those reported in the literature. Also, they were isolated by radial chromatography from the reaction mixture and characterized by 1 Photoinduced reactions of anion 1 with 5 general procedure. The photochemical reaction was carried out in a three-necked, 10 mL Schlenk tube equipped with a nitrogen gas inlet and a magnetic stirrer. The flask was dried under vacuum, filled with nitrogen and then charged with 10 mL of dried DMSO. Then 2.5 mmol of the nucleophile 1 and 0.5 mmol of 1-bromonaphthalene (5) were added to the degassed solvent under nitrogen. After 3 h of irradiation with a medium pressure Hg lamp, the reaction was quenched by the addition of MeI (6 equiv) in excess and 30 mL of water, and then the mixture was extracted with methylene chloride (3x20mL). The organic extract was washed twice with water, dried and the products were quantified by GC with diphenyl disulfide as internal standard.
Determination of the rate constant k c for the reaction of 1-naphthyl radical with ions 1, 3 and 4. The reaction of ions 1 and 4 with 5 is representative: 2.5 mmol of salt 1, 1.25 mmol of benzene thiol and 1.1 mmol of tert-BuOK were added to 10 mL of dried and degassed DMSO in a 10 mL Schlenk tube, under a nitrogen atmosphere. To the solution of nucleophiles 1 and 4, was added 0.5 mmol of 5 and the solution was irradiated for 60 min at 25°C. After quenching with MeI, the mixture was extracted with methylene chloride (3x20mL). The organic extract was washed twice with water, dried and the GC yields for the reduction and substitution products were determined by the internal standard method. Equation 9 allowed for the calculation of the k c using 14.1 M for the concentration of DMSO.
